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Thamarus, Karen A., M.S., June 1987 Forestry 
Root Distribution and Shoot:Root Characteristics of Six-
year-old Ponderosa Pine Established on Reclaimed Minesoils 
at Colstrip 
The root systems of five ponderosa pine <Pinus Qonderosa 
Dougl. ex Laws. var. scgeulgrum) seedlings outplanted at 
Colstrip, Montana, were excavated from the reclaimed 
minesoils using pressurized water. The objective was to 
describe crown and root growth patterns as measured by root 
dry weight, shoot dry weight, number of long root tips, 
total root length, and shoot length. The extent of the 
seedling root system "in situ" was determined by three-
dimensional location of root tips during excavation. An 
estimate of the soil volume accessed by each seedling root 
system was made from these data. Ratios of the variables 
to each other and per unit soil are used to describe the 
root system, it's distribution, and the relationship 
between shoot and root for each seedling. The majority of 
fine roots, laterals and mycorrhizal associations were 
within the topsoil; which varied in depth from 20-30 
centimeters. Lateral roots extended up to one meter from 
seedling stems. Taproots had grown through the subsoil 
into the spoil to depths over one meter. Soil layer 
interfaces and localized areas of soil compaction did not 
impede root system growth and development. Within the 
limits of this study, indications are that the techniques 
developed for establishment of ponderosa pine on reclaimed 
minesoils have been successful. 
Director: Dr. George M. Blake 
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INTRODUCTION 
Since 1973, when the Montana Department of State Lands 
began issuing permits for the surface mining of coal, 
approximately 10,875 acres have been disturbed by mining 
and 3130 acres have been reclaimed (Harrington 1987). ^ 
State and federal regulation require that areas disturbed 
by mining activities be reclaimed so they support 
vegetation "similar" to that found on the sites before 
mining. The reestablished vegetative cover on the regraded 
minesoils must be permanent, diverse and self-regenerating. 
Reclaimed acreages must have vegetative cover composed of 
at least fifty percent native species and woody species 
must have comparable stocking levels to unmined areas 
(Montana Department of State Lands 1982). 
Strip mining activities in the state are concentrated 
in the Southeastern Montana Forest Region, or the ponderosa 
pine savannah type (Arno 1979). Natural vegetative cover 
Disturbed acreage includes box cut spoils area and 
areas stripped of soil in advance of mining; but excludes 
roads, sediment ponds, soil storage areas, and other 
mining-related disturbances occurring on unmined land. 
Reclaimed areas include only those which have been seeded, 
planted or otherwise subject to implementation of the final 
step of the reclamation plan. 
1 
Page 2 
is a mosaic of mixed prairie grassland and pine woodland 
with localized areas of riparian vegetation. The major 
tree species, ponderosa pine (Pinus gonderosa Dougl. ex 
Laws. var. §22Elii2Eii!D > and Rocky Mountain juniper 
< JyQiSlEys scoQulorum Sarg. ), are largely associated with 
the slopes of ridges, knolls and buttes (Richardson 1981). 
While most of the land disturbed is grassland, forested 
lands are also being mined, and the amount of timbered 
acres mined is expected to increase in the future. 
The semi-arid, continental climate of southeastern 
Montana is characterized by large diurnal and seasonal 
temperature differences, low relative humidity, and light 
precipitation. Seasonal distribution of precipitation and 
high evapo-transpiration demand due to wind and insolation 
combine to create a droughty environment. Water 
availability, high surface temperature, and root 
competition are probably the primary factors limiting the 
regeneration and survival of conifers (Richardson 1981). 
Reclamation procedures create a minesoil which Schafer 
et al. (1979) described as a regraded and contoured surface 
of fractured rock mixed from all segments of the 
overburden, overlain with material salvaged from natural 
soil horizons before mining. Regraded minesoils often lack 
the substantial rock components found in surrounding 
natural stands, and are rarely as steep. New minesoils are 
quickly revegetated with native grasses to reduce erosion 
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potential; however, this increases competition for 
available soil moisture within the root zone. 
In 1979, Western Energy Company funded the University 
of Montana School of Forestry to study tree reestablishment 
on regraded minesoils at Colstrip, Montana. As a result, 
several young ponderosa pine plantations have been 
established on a variety of minesoils and sites. The 
studies identified local seed trees whose progeny can avoid 
or withstand drought when outplanted on regraded minesoils 
(Riley 1984), providing the company with a tested seed 
source for future plantings. However, the mechanisms of 
drought resistance have not been identified. These 
mechanisms can be expressed phenotypically in a variety of 
ways: low shoot:root ratios (Ladiges 1974), increased leaf 
diffusion resistance (Kaufmann 1968), fewer stomata per 
unit surface area (Knauf and Bilan 1974), smaller needles 
with deeper stomatal pits and deeper root systems with 
wider ranging laterals (van Buijtenan et al. 1976, Cannell 
et al. 1978). 
Root egress and adequate root system development are 
undoubtedly important for long-term survival of planted 
trees. Near Colstrip, Richardson (1981) found one-year-old 
natural seedlings with shoot:root length ratios as low as 
1:16. Stout (1980) found lateral roots of mature pine that 
extended as far as 15 meters. These observations indicate 
that root factors can be a principal means of drought 
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avoidance within the population. 
The objectives of this study were to describe 
characteristics and distribution of the root systems of 
six-year-old ponderosa pine seedlings established on the 
regraded minesoils at Colstrip. This information will 
provide Western Energy Company a basis for comparison with 
other sites, stocktypes, and natural conditions. If a 
measurable expression of drought resistance can be 
determined, then the characteristic(s) can serve as 
criteria for future selection. 
The specific objectives of the study were as follows: 
1. Excavate established seedlings on reclaimed 
minesoils and describe crown and root growth 
patterns as measured by root dry weight, shoot dry 
weight, total number of long root tips, total root 
length, and shoot length. 
2. Measure the extent of the seedling root system "in 
situ* to estimate the soil volume accessed and 
horizontal extension. 
3. Describe the root system, distribution, and the 
relationship between shoot and root for each 
seedling by ratios of these variables to each 
other and per unit soil. 
LIIIEATURE REVIEW 
Internal water deficits in plants are controlled by 
relative rates of water absorption through roots and water 
loss by transpiration (Kozlowski 1968). In arid 
environments, drought stress may occur daily through 
excessive transpiration, slow absorption, or commonly both. 
Survival is affected when repeated drought stress is 
coupled with ineffective plant moisture replenishment. 
Levitt (1980) recognized three methods of drought 
resistance available to plants: avoidance of the 
environmental stress, tolerance of the internal strain 
caused by the stress, and evasion of the stress period. 
Drought resistance in trees may reflect desiccation 
avoidance or desiccation tolerance, with the former much 
more important (Kozlowski 1982). Desiccation avoidance is 
the result of one or more adaptations in leaves, stems, or 
roots, which allows the maintenance of high tissue water 
potential. 
Root Characteristics as Drought Resistance Mechanisms 
The amount of water available to plants depends first 
on the volume of soil with which their roots are in 
contact. The larger volume of soil occupied by roots, the 
larger volume of water available to the plant, and the 
longer the plant can survive without soil water 
5 
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replenishment (Kramer 1983). Maintenance of water uptake 
may be achieved by roots growing deeper or by an increase 
in root density (Jones et al. 1981). 
Kozlowski (1979) listed the most important drought-
avoiding adaptations of roots as the capacity for extensive 
root growth (low shoot:root ratios), high root regenerative 
potential immediately after transplanting, and the 
production of adventitious roots near the soil surface. 
Weaver and Kramer (1932) concluded that the successful 
competition of bur oak, Quercus HjacrocarBUS, against 
grasses and shrubs on prairie soils was made possible by 
the rapid growth and deep penetration of the young root 
system and by its wide spreading habit. 
Haasis (1921), in an attempt to correlate soil type 
with the root form of ponderosa pine, found that for the 
same top development, root development is greater in more 
clayey soils than in loamy-rocky soils. The greater the 
available moisture the shorter the root and the greater is 
the ratio between top and root. This coincides with 
Weaver's (1919) observations on the great depth of roots 
where soil moisture is limited. 
Bilan (1971) described the root habit of species 
adapted to regions where the surface layers of soil get 
excessively dry during the growing season as having a 
deeply penetrating juvenile root without prominent 
laterals. He stated that the initial root habit of a tree 
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species is indicative of its natural habitat. Root habit 
relates to the form, direction and distribution of the 
larger framework roots. Although the habit, or form, of a 
root system is influenced by local site conditions, it 
tends to be under genetic control (Pritchett and Fisher 
1985). 
Genetic Variation in Drought Resistance of Tree Sgecies 
Studies on genetic variation in drought resistance of 
forest tree species often compare provenances from sites 
with differing mean annual precipitation. The variation 
that occurs within a local population has received less 
attention. 
Ladiges (1974) compared seedlings of Eucal^gtus 
viminalis from two high rainfall populations with two low 
rainfall populations. She found the populations from the 
drier sites to be more tolerant of drought periods than 
those from the wetter sites. The more resistant seedlings 
did not simply avoid drought by quickly closing stomatae, 
but were capable of maintaining relatively high rates of 
transpiration under moderate moisture stress. The 
shoot:root ratios for the low rainfall population were 
significantly lower than those from high rainfall areas. 
Perhaps the best documented provenance comparison has 
been that of the Lost Pines population of loblolly pine 
west Texas. Van Buijtenen et al. (1976) 
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summarized the morpho-physiologic characteristics of the 
drought resistant pine to be (1) greater stomatal control, 
(2) deeper root systems with wider ranging laterals, (3) 
smaller needles with deeper stomatal pits, and (4) fewer 
stomata per unit surface area. 
Cannell et al. (1978) found significant differences in 
shoot:root regression coefficients between families of 
North Carolina loblolly pine. Their correlation of first-
year seedling growth characteristics with mean individual 
8-year stem volumes showed that families which produced the 
greatest 8-year volumes grew under mild water stress as 
seedlings. These families tended to have low shoot to root 
relative growth rates and avoided water stress by producing 
extensive root systems. 
Results of Ledig and Perry's (1965) experiments with 
loblolly pine progenies revealed genetic variation in the 
relative growth of shoot and root. In addition, they 
proposed that only in instances of drastic environmental 
treatments are the relative growth of shoots and roots 
significantly altered. 
Further research on the relative distribution of 
growth in loblolly pine seedlings by Ledig et al. (1970) 
indicated that the growth of the shoot was inhibited by 
soil moisture stress to a relatively greater degree than 
the growth of the roots. This relationship was shown by a 
decrease in slope of the allometric relationship: 
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log(shoot dry weight) = a + k(log(root dry weight)). 
Feret (1982) found significant family differences in 
allometric shoot:root relationships for ponderosa pine 
seedlings from eight provenances (four xeric sites, four 
mesic sites) in the Sierra Nevada of California. However, 
no differences among provenances or between site types were 
found. 
Baldwin and Barney (1976) examined leaf water 
potential of planted ponderosa pine from two seed sources, 
Colorado and Idaho. They concluded that the higher leaf 
water potential (less negative) of the Idaho stock was 
related to lower shoot:root ratios and a greater abundance 
of fine roots. 
Brown (1969) studied the root systems of Scots pine 
(Pinus s^lvestris) seedlings, representing 45 provenances 
and 13 varieties, after they had been grown from seed in 
the greenhouse for eight months. He found that all sources 
were tap-rooted, but the degree to which this 
characteristic was expressed, particularly in relation to 
type and extent of lateral root development, varied greatly 
between individual sources and between varieties. Tap 
roots of sources from isolated, southern portions of the 
range of Scotch pine were generally long and had high 
weight per unit length. 
METHODS 
Root systems of five six-year-old ponderosa pine 
seedlings were washed free of the minesoil using a 
modification of Weaver's technique (Bohm 1979). The 
excavation utilized pressurized water to remove soil 
particles from the roots and extract the root system from 
the minesoil. The seedlings were established as part of the 
2 
1981 progeny test at Colstrip. Three seedlings were 
from family L-15 and two were from family S-5. The 
selected seedlings are indicated on the map of Block 3 in 
the appendix (Appendix 1). 
Field Methods 
Seedling excavation began in late July, 1986, after 
bud set. 
Two weeks before seedling excavation the initial 
trenches were dug with a backhoe adjacent to and downhill 
from the seedlings. Seedlings adjacent to those selected 
for excavation were removed from the site by clipping the 
stem at ground level. 
Prior to excavation of each seedling, soil profile 
The field design for the progeny test is described in 




descriptions were made and shoot characteristics were 
noted. The profile was described for the area of the trench 
wall adjacent to the seedling to be excavated. The 
characteristics of each pedon determined in the field 
included color, depth, structure, acid test, and boundary. 
Soil samples were taken at intervals along the initial 
trench wall so that all pedons were sampled and at least 
one spoil sample was taken. 
Shoot characteristics noted include: shoot height 
(cm), number of branches, number of whorls, and number of 
branches per whorl. A brief assessment of the general 
health and appearance of the seedling was written, and a 
photograph was taken (Appendix 2). The crowns were then 
clipped five centimeters above ground level and bagged. A 
wooden frame one meter square was affixed to the seedling 
stem to support the root system during excavation. A 
protractor was centered above the seedling stem on the 
frame's support braces as an aid to measurement of root 
distribution (Figure 1). After excavation, the five 
centimeter portion of the seedling stem was separated from 
the roots and bagged with the stem material. 
Excavation started from the downslope side wall of the 
backhoed trench, approximately 0.5 meter from the seedling, 
and ended at the furthest extension of the seedling's root 
system. Water was supplied from a 500-gallon portable tank 
equipped with a small pump. Water pressure was adjusted 
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Figure 1: Support frame affixed to clipped seedling 
stem during excavation. 
with nozzles. 
Excavation of the seedling root system proceeded 
upslope. Beginning at the soil surface, water was sprayed 
sequentially so that vertically oriented layers of the soil 
were washed away and the roots exposed. Pine root tips are 
identified by: sharply pointed tip, lighter color, and 
larger diameter of the distal portion (Sutton 1969, Wilcox 
1964). Grass roots and plants were discarded. When the 
tip of a pine root was exposed, its position in the soil 
was located by measuring vertical distance to the surface, 
horizontal distance to the stem, and the degree of the 
offset angle. To facilitate the excavation of the seedling 
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root system, not all root tips were located. Mainly, only 
those tips on the perimeter of the root system which were 
necessary to describe the extent and distribution of the 
seedling root system were located. As excavation and 
location proceeded, the roots freed from the soil were 
clipped and bagged. When the entire seedling root system 
had been removed, the sample was washed and frozen for 
transport. 
Methods 
In the laboratory, root samples were thawed, cleaned 
of extraneous matter and stored in a 15-20 % alcohol 
solution. During the cleaning procedure, the number of 
root tips within the sample were counted. Total root length 
of each sample was estimated using a simplified version of 
Newman's line intercept method (Tennant 1975). A two 
centimeter grid was used. Dry weight biomass of root and 
shoot samples were measured to the nearest 0.1 gram. Shoot 
samples were separated into stem and leaf portions prior to 
oven drying. 
Soil horizons at each seedling location were sampled 
for laboratory analysis. Bulk density was estimated as 
mass of oven dried soil per unit soil volume from samples 
of known volume. Texture was determined by the hydrometer 
method (Gee and Bauder 1979). In addition, clod samples of 
extremely compacted soil were collected from selected 
Page 14 
horizons. Bulk density of these samples was determined by 
the clod method for comparison with other estimates. 
Field data of root tip locations were converted to XYZ 
coordinates and separated into five centimeter depth 
intervals for each seedling. These data were graphed as 
scatter plots and the area for each five centimeter 
interval determined (Figure 2). Soil volume accessed was 
estimated by integration of these areas. Each graph 
represents a coordinate system for a five centimeter thick 
slice of the soil, oriented horizontally, with the origin 
as the seedling stem location of the surface. The 
coordinate system axes are distance in centimeters. 
In addition, the two-dimensional extent of each 
seedling root system was estimated by projecting all XYZ 
coordinates to the soil surface and determining the area. 
Analysis 
Root system characteristics, distribution and the 
relationship between shoot and root for each seedling were 
described by the following variables and ratios: oven 
dried weight of the root, leaf, and stem; shoot height, 
root depth, total root length, total number of root tips, 
soil volume accessed, and surface extent; various biomass 
ratios; root density ratios; and shoot to root ratios. 
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ROOT TIP LOCATION 
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Figure 2: Scatter plot of root tip locations for a 
five centimeter slice of the minesoil. 
RESULTS 
Five seedlings (L-15 #1, L-15 #2, L-15 #3, S-5 #1, and 
S-5 #2) were excavated from four plots. Seedlings L-15 #1 
and L-15 #2 were located next to each other in one row of 
the progeny test, and one set of soil data were collected 
for these two seedlings. The soil profile descriptions for 
each plot are listed in the appendix. Laboratory analysis 
Figure 3: Minesoil profile, L-15 #1 and L-15 #2. 
16 
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of bulk density, percent moisture, texture, salinity, and 
pH are also tabulated (Appendix 3). 
Each plot had three basic soil layers: topsoil, 
subsoil and spoil (Figure 3). The topsoil averaged 20-30 
centimeters depth with loamy texture and low bulk density 
3 
(1.1 g/cm ). The subsoil-spoil interface averaged 50-70 
centimeters depth. The subsoil had a sandy loam to clay 
3 
loam texture with bulk densities averaging 1.3 g/cm . Clod 
samples were from this layer, and bulk density estimates 
3 3 
using this method ranged from 1.77 g/cm to 1.87 g/cm . 
3 
The spoil was a clay loam with a bulk density of 1. 4 g/cm 
and a significant amount of coarse fragments. 
The growth characteristics for each seedling are 
presented in Table 1. 
TABLE 1: GROWTH CHARACTERISTICS 
Shoot Root Root Number Soil Surface 
Height Depth Length Root Volume <5 Spread 
Tree_ID XcnO iSffil- inO Tigs im±l 
L-15 #1 39 97 143. 9 849 0.1297 0.7978 
L-15 #2 52 108 243. 3 1533 0. 1799 0.8975 
L-15 #3 47 109 223. 3 2450 0.2530 0.8909 
S-5 #1 52 89 234. 0 1717 0.3104 1.3213 
S-5 #2 64 90 292. 0 3434 0.2648 1.2068 
Sample 51 99 227. 3 1997 0.2276 1.0228 
Mean 




Shoot heights for seedlings in family L-15 were 39, 47 
and 52 centimeters, with depth of tap roots at 97, 109 and 
108 centimeters respectively (Figure 4). Shoot heights for 
seedlings in family S-5 were 52 and 64 centimeters, with 
depth of tap roots at 89 and 90 centimeters, respectively 
Figure 4: Tap root, L-15 #1. 
Soi." 11 volumes accessed for L-15 seedlings were 0.13, 
0.18 and 0.25 cubic meters, while those for the S-5 
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seedlings were 0. 26 and 0. 31 cubic meters. Total root, 
lengths were 144, 223 and 243 meters for the L-15 
seedlings; and 234 and 292 meters for the S-5 seedlings, 
with an average length of 227 meters. 
The oven dried weights for each seedling are shown in 
Table 2, and the various biomass ratios are displayed in 
Table 3. 
TABLE 2: OVEN_DRY_WEIGHTS (g) 
Tree_ID Root Leaf Stem Shoot 
L-15 #1 13. 00 19. 05 11. 71 30. 76 
L-15 #2 29. 59 56. 73 36. 01 92. 74 
L-15 #3 30. 66 33. 79 31. 75 65. 54 
S-5 #1 25. 50 17. 11 27. 01 44. 12 
S-5 #2 34. 41 35. 72 39. 99 75. 71 
Sample 26. 63 32. 48 29. 29 61. 77 
Mean 
Standard 8. 25 15. 94 10. 95 24. 70 
Deviation 
TABLE 3: BI0MASS_RATI0S 
Tree_ID Shogt^Rgot Leaf j^Root Leaf j.Shggt 
L-15 #1 2.37 1.47 0. 62 
L-15 #2 3.13 1.92 0. 62 
L-15 #3 2. 14 1. 10 0. 52 
S-5 #1 1.73 0.67 0. 39 
S-5 #2 2.20 1.04 0. 47 
Tree_ID Rggt±Total L®§£ll2£§i StenKTgtal 
L-15 #1 0.30 0.43 0.27 
L-15 #2 0.24 0.46 0.30 
L-15 #3 0.32 0.35 0.33 
S-5 #1 0. 37 0. 25 0. 39 
S-5 #2 0.31 0.33 0. 36 
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The distribution of biomass for each seedling was 
fairly uniform. Root biomass (expressed as percentage of 
total biomass) ranged from 24 to 37 percent. Leaf biomass 
ranged from 25 to 46 percent, and stem biomass ranged from 
27 to 39 percent. Shoot:root ratios (dry weight basis) 
ranged from 1.73 to 3.13, while the leaf:root ratios ranged 
from 0.67 to 1.92. 
The ratios displayed in Table 4 represent various 
methods for expressing root density (root lengths and 
weights per unit soil) and branching (root tips per root 
length). The shoot:root (length basis) is also displayed. 
TABLE 4: RQ0T_GR0WTH_RATI0S 
L-15 L-15 L-15 S-5 S-5 
_#1_ _#2_ _#3_ _#1_ _#2 
Rogt_length (m/m3) 1107 1352 894 755 1123 
Soil volume 
Rggt_weight (g/m3) 100 164 123 82 132 
Soil volume 
Root_length (m/m2) 180 271 251 177 242 
Soil surface 
Rggt_weight (g/m2) 16.3 33.0 34.4 19.3 28.5 
Soil surface 
Root_tigs_ (#/m) 5.9 6.3 11.0 7.3 11.8 
Root length 
Shgot_height 0.40 0.48 0.43 0. 58 0. 71 
Root depth 
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The ratio of root biomass per unit soil volume 
describes the root system density. These ratios were 100, 
123 and 164 grams/cubic meter for the L-15 seedlings, and 
82 and 132 grams/cubic meter for the S-5 seedlings. The 
other root density ratios show a similar range of values. 
The number of root tips per unit root length expresses the 
degree of system branching. The ratios for the L-15 
seedlings were 5.9, 6.3 and 11.0 tips per meter of root. 
Those for the S-5 seedlings were 7.3 and 11.8 tips per 
meter. 
The shoot:root length ratios for the L-15 seedlings 
were 0.40, 0.43 and 0.48; and ratios for the S-5 seedlings 
were 0.58 and 0.71. 
The farthest extent (direct line) of a lateral root 
from the seedling stem was 84 centimeters for L-15 #1 and 
103 centimeters for L-15 #2. The farthest extent of a 
lateral for L-15 #3, S-5 #1 and S-5 #2 were 74, 94 and 81 
centimeters respectively, however these roots were broken 
near the tips during excavation. 
Graphs of root tip locations for each five centimeter 
slice of the soil for each seedling are in Appendix 4. 
The generalized root distribution was that of a 
flattened spheroid around the central tap root with 
laterals extending outward in the topsoil and subsoil. 
Neither the original root mass (plug), nor the planting 
hole impeded root egression (Figure 5). 
Figure 5: Lateral root egression from seedling 
plug. 
The form narrowed toward the tap root(s) as 
went deeper through the subsoil, and branched 





Figure 6: Root branching at the subsoil-spoil 
interface. 
The root systems of all seedlings were well developed, 
with tap roots extending into the spoil to depths over one 
meter and laterals egressing from the seedling plug to 
straight line lengths over one meter All seedling root 
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Figure 7: Mycorrhizal short roots on secondary 
mother root. 
The majority of active root tips were in the spoil, 
however this may be a seasonal response to soil moisture. 
Localized areas of soil compaction did not impede root 
system growth and development. Soil layer interfaces had 
little to no effect on root growth. 
DISCUSSION 
Originally, the study plan was to look for differences 
in root characteristics between families planted on the 
minesoils. However, excavation and field data collection 
per seedling required approximately 80-person-hours. For 
each seedling, an estimated 1.5 cubic meters of soil were 
washed away using 350 gallons of water per day over a 
period of five days. It was unfeasible to remove a larger 
sample from the ground in the length of time allotted for 
field work during this study. 
This study's sample size limits inferences concerning 
shoot and root growth. Interpretation of growth 
measurements reflect individual seedling response. For 
example, the largest seedling, S-5 #2, had the greatest 
shoot height, but not shoot weight. It had the greatest 
root weight and root length, but not root depth. 
The growth characteristics of shoot height, root 
length, number of root tips and biomass distribution were 
variable within the sample. Root density (length or weight 
per unit soil) ratios were also variable. 
However, the shoot:root length indexes, root depth, 
soil volume accessed, and surface spread were smaller for 
the L-15 seedlings than the S-5 seedlings. Personal 
observation during excavation indicated that the L-15 
seedlings seemed to have deeper, more compact root systems 
25 
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with wide ranging laterals. 
Individual seedling response is exemplified by 
seedling L-15 #1, the smallest seedling, which had a root 
depth greater than that of S-5 #2, the tallest seedling. 
The shoot:root length indexes and extent of the seedling 
root systems indicate a possible distinction between the 
two families. A shoot:root index was developed to express 
this distinction yet filter out the variability in biomass. 
Shoot density was defined as the ratio of top height to top 
weight (Steinbrenner and Rediske 1964). The corresponding 
root density ratio of depth to biomass was chosen as the 
denominator in the shoot:root index of shoot density to 
root density. These data are tabulated in Table 5. 
TABLE 5: SHOOTiROOT_DENSITY_INDEX 
L-15 L-15 L-15 S-5 S-5 
_#1_ _#2_ _#3_ _#2 
Shoot weight 1.27 0.56 0.72 1.18 0.85 
522i=_c[e2th 
Root weight 7.46 3.65 3.56 3.49 2.62 
Root density 0.17 0.15 0.20 0.34 0.32 
The variation in shoot or root density indexes 
reflects individual seedling response. Seedling L-15 #2, 
with shoot density of 0.56, was of moderate height, yet had 
the highest shoot biomass. Seedling L-15 #1, with root 
density of 7.46, was of moderate depth, yet had the lowest 
Page 27 
root biomass. 
A lower shoot:root density ratio reflects, at the 
extreme, a seedling which has a short height yet a good 
shoot weight (stem and/or leaf), combined with a root 
system which has good depth yet low root biomass. 
Seedling L-15 #2, with the lowest shoot:root density 
ratio, had a high total shoot biomass (122 g), moderate 
shoot height (52 cm), moderate root biomass (30 g), and 
high root depth (108 cm). This seedling was the only one 
of those sampled to exhibit secondary branching, which 
probably contributed to the high shoot biomass. It was 
excavated prior to the grasshopper infestation which 
affected the plantation later in the summer. It's "good" 
health rating (see Appendix 3) was, in part, due to the 
large amount of leaf tissue. This is also apparent in the 
biomass distribution ( Table 3). This seedling had the most 
well developed taproot of the sample. It exited straight 
from the seedling plug and penetrated to good depth with 
good "caliper". 
Whether the shoot:root density index reflects actual 
differences between families can not be inferred from these 
data. Likewise, the differences in shoot:root length 
indexes, soil volume accessed, depth of taproot, and extent 
of surface spread between the L-15 observations and S-5 
observations may reflect individual seedling response to 
its environment rather then family differences. 
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These observations are phenotypic, representing the 
interaction of individual seedling genotype with the 
environment at Colstrip. The limited scope of the study 
allows the assumption of uniform climatic influence. 
Excavation after budset was selected to control variation 
due to growth. Shoot growth had ceased and root growth 
should be low (Grier et al. 1981, Ericsson and Persson 
1980). The effects of nursery regime and planting 
conditions are also considered negligible. 
The major factors affecting the root systems are 
associated with the minesoil environment. The distribution 
of tree roots is affected by the depth of soil and by the 
soil water regime (Waring et al. 1980). Abrupt changes in 
texture are a common occurrence in minesoils. Pockets of 
texturally contrasting material could strongly influence 
water and solute movement, and root growth (Schafer et al. 
1979). 
The minesoil descriptions, measurements of bulk 
density and particle size distribution for each seedling 
plot estimate the amount of variation in soil 
microenvironment between plots. This research site 
received uniform soil reconstruction and revegetation 
treatment. While this reclamation treatment was 
accomplished with large earth-moving equipment, the 
similarity in seedling plot minesoil descriptions indicates 
some uniformity in soil microenvironment. Because of the 
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site uniformity, growth differences between families can be 
attributed to genetic control. 
While unable to excavate a large enough sample to 
detect differences between families of the measured root 
characteristics, the sample does allow calculation of the 
mean and variance. This estimate of the population 
variance is valuable and can be used to calculate sample 
size for future studies, as follows: 
Using the formula, n =_t£s^ 
e ̂  
Where n = sample size 
t = Student's t 
s = standard deviation 
e = desired precision of estimate of the mean. 
In the example of root length, with t = 1.96 <95 % 
confidence), s ̂ = 2864.6, e = 10 % of the sample mean root 
length, then n = 22. In other words, a sample size of 22 
would have been necessary to make family comparisons. Any 
future studies measuring these characteristics can benefit 
from the estimate of the variance provided by this study 
and calculate appropriate sample size. 
Based on the 1985 progeny test results, family L-15 
had an 64 percent overall survival, while family S-5 had 46 
percent survival. Conclusions concerning the mechanisms of 
drought resistance and its genetic control can not be made 
at this time with these limited observations. None-the-
less, I feel that the results of the sample taken suggest 
some genetic control of root characteristics which aid in 
drought avoidance for these seedlings grown on this site. 
In addition to the specific measurements and 
observations of this study, the following conclusions may 
be made: 
1. The five ponderosa pine seedlings excavated from 
the minesoils at Colstrip had well developed 
extensive root systems with taproots into the 
spoil. 
2. Neither the use of container stock nor the 
planting method impeded root egression when 
outplanted onto the minesoils. 
3. The seedlings were naturally infected with 
mycorrhizae within one season when outplanted onto 
the regraded minesoils. 
4. The root characteristics measured in this study, 
while unique to the scope of this study, should be 




5. Soil layer interfaces and localized areas of soil 
compaction did not impede root system growth and 
development. 
6. The soil reconstruction and revegetation 
treatments utilized by Western Energy Company at 
Colstrip, Montana, are more than adequate for the 
reestablishment of ponderosa pine. 
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APPENDIX 1 
CQLSTRIP PROGENY TEST, BLOCK 3 
54321 R0W5 54321 R0W4 54321 R0W3 54321 R0W2 54321 ROW1 COL 
2 L-42 1 S-12 333 N-25 2 2 L-12 2 J-6 1 
2 L-37 223 S-30 444 S-40 2 S-22 2 P-19 2 
3 S-5 J-21 33412 J-50 1 P-ll 2 3 1 J-39 3 
11 J-49 22132 S-l 3 22 S-47 333 L-37 3 S-l 4 
P-l 24344 N-25 24 2 P-27 4332 P-14 XXXXX N-l 5 
1 L-34 4424 S-21 43344 J-17 4 2 L-23 2 H-17 6 
1 H-12 3222 L-19 1 234 S-4 P-39 2 22 H-38 7 
1 1 L-l 3442 N-40 5433 L-12 XXXXX N-l 3 3 L-l 8 
H-30 4 3 J-24 23 J-39 3 12 J-29 3* J-35 9 
11122 L-6 324 P-27 2 4 M-27 3 P-16 23 P-3 10 
1 P-14 3 222 J-5 2 L-26 P-25 H-32 11 
2 H-9 P-5 3 L-47 2 N-36 2 J-17 12 
X 2 J-ll 25 1 P-l 4 531 S-25 2 P-3 3 43 H-12 13 
3 M-32 3332 J-35 2 2 J-ll N-27 3 P-46 14 
xxxxx N-l 3 H-40 34364 P-5 4422 L-32 2 344 J-31 15 
2 2 L-15 2 S-12 44454 J-37 S-14 32 3 S-4 16 
P-ll 2 J-31 33642 S-3 22 4 N-8 2 L-42 17 
3 L-6 XXXXX N-21 4 344 J-49 32 J-6 35 3 H-25 18 
32 P-36 555 L-21 344 P-36 023333 lL-151 434 H-40 19 
L-41 6126 H-30 55544 J-5 23 J-44 3 5 L-47 20 
21 P-46 1 63 L-34 44544 P*35 3 P-4 2 34 P-ll 21 
4 N-18 43 J-34 53663 L-4 3 N-17 4 H-9 22 
3 P-16 5 1 H-38 4553 J-24 33 4 S-12 64654 L-32 23 
333 J-6 333 L-47 4 3 L-42 XXXXX N-21 44 63 S-41 24 
P-7 344 S-4 36443 P-38 4 S-19 35 43 L-4 25 
P-4 2 35 J-44 75 2 N-12 3444 L-23 223 S-47 26 
33 23 L-21 3344 P-25 36 24 J-21 221 2 P-46 4 J-29 27 
3 P-25 456 4 J-29 3674 L-l 3 N-8 L-41 28 
xxxxx H-36 45 44 S-30 53443 S-l 3 3 A-1 5433 J-50 29 
2 H-27 3 4 P-16 44376 L-34 1 23 J-21 2 2 P-l 30 
2 3 S-3 443 S-18 356 3 J-34 4 3 S-22 43141 J-35 31 
3 24 J-37 54*76 H-17 5434 J-31 L-21 3 P-36 32 
3 s-ia 26776 P-35 55243 P-4 2 H-36 312 1 A-1 33 
2 2 S-21 @27 6 |S-5| 45 L-26 3 4 H-18 312 L-19 34 
22 3 H-9 664 J-37 442 P-7 41 J-44 3 3 S-3 35 
xxxxx S-40 755 L-4 4 4 4 L-32 2 4 S-14 P-7 36 
xxxxx J-24 2 P-19 33333 H-42 3 33 P-14 XXXXX H-21 37 
2 S-41 3 2 L-37 23 33 H-38 L-12 3 1 S-40 38 
2 223 H-42 233 P-39 112333 |S-5| 2 2 A-2 23 J-49 39 
XXX H-a 5354 S-19 34421 J-ll L-26 3 43 L-6 40 
12 S-47 22 J-5 33 3 P-27 33 H-42 A-2 41 
23 3 S-14 442 2 N-32 S5433 iL-iSf 24 S-22 J-17 42 
1 P-3 XXX32 A-2 425 S-41 2 4 H-30 2 3 P-19 43 
2 S-25 4 234 J-39 3 32 L-19 2 2 S-18 34 4 S-19 44 
1 1 S-21 5 3 S-30 433 A-1 34 4 J-50 1 P-35 45 
431 4 L-23 H-18 4232 L-41 2 3 S-25 4 J-34 46 
5 41 P-5 47 
54321 ROWS 54321 R0W4 54321 R0W3 54321 R0W2 54321 R0W1 COL 
Live seedlings, as of October 1985, are indicated by a number (1-7). 
This number is a rough estimate of seedling height in dm. Blanks 
are dead seedlings. An asterisk (•) indicates a live seedling removed 
for initial root observation. An X indicates areas of the block which 




Height Number Number 
Tr ee _ ID _[cni)_ Branches Whorls Description 
L-15 #1 39 8 Began excavation 10 July 
Forked tree, slight 
crook, bud set, new 
needle length 7 cm, 
needle tips damaged. 
Fair condition. 
Photograph: L-15 #1, Tree 1. 
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APPENDIX 2B 
Height Number Number 
Tree_ID _J.cm_)_ Branches Whorls Descrigtign 
L-15 #2 52 Began excavation 14 July. 
Some secondary branching, 
bud set, good terminal, 
new needle length 10-11 
cm, very slight 
chlorosis. Good 
condition. 
Photograph: L-15 #2, Tree 2. 
35 
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APPENDIX 2C 
Tree_ID 
l -15  #3 
lerminai Dua cupped, 
lateral bud takeover, bud 
set, new needle length 9-
10 cm, ants, needle 
damage (grasshoppers?). 
Fair condition. 
Photograph: L-15 #3, Tree 3. 
36 
Height Number Number 
_i9!D2__§£§DQhes__Whorls__pescrigt ion 
47 7 3 Began excavation 19 July. 
SHOOT CHARACTERISTICS 
APPENDIX 2D 
Height Number Number 
Tree_ID _icnO Branches Whorls Description 
S-5 #1 52 Began excavation 29 July. 
Terminal bud clipped, 
lateral bud takeover, bud 
set, new needle length 9-
10 cm, needles well 
chewed (grasshoppers?). 
Poor-fair condition. 
Photograph: S-5 #1, Tree 4. 
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SHOOT CHARACTERISTICS APPENDIX 2E 
Height Number 
Iree_ID _icmjL__Branches 
S-5 #2 64 5 
Number 
Whorls Description 
4 Began excavation August 
3. Terminal bud good 
shape, bud set, slight 
chlorosis, new needle 
length 10-12 cm, needle 
damage-grasshoppers. 
Poor-fair condition. 
Photograph: S-5 #2, Tree #5. 
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Dark grayish brown (10 YR 4/2) loam, 
brown <10 YR 5/3 dry); weak very 
fine crumb; mildly alkaline (pH 
7.5); noncalcareous; smooth abrupt 
boundary. 
Light brownish gray (10 YR 6/2) 
clay, light brownish gray (10 YR 6/2 
dry); weak very fine subangular 
blocky; mildly alkaline (pH 7.6); 
strongly calcareous; smooth abrupt 
boundary. 
Yellowish brown (10 YR 5/4) sandy 
loam, yellowish brown (10 YR 5/4 
dry); massive; neutral (pH 7.1); 
violently calcareous; abrupt smooth 
boundary. 
Brown (10 YR 5/3) clay loam, grayish 
brown (10 YR 5/2 dry); massive; 






Depth Density Percent 
Horizon Xcm), ig/SS*32_ Moisture 
HI 10 1. 10 ~6 
H2 25 1. 20 11 
H3 40 1. 20 9 
H3 55 1. 26 8 
H3/Spoil 70 1. 12 18 
Spoil 85 1. 22 11 
TEXTUREjl_ACIDITY4._AND_SALINITY_* 
EC SAND SILT CLAY 
Hor±zon_ _immhos/cm.)_ %_ X X 
HI 7. 5 0. 2 52 28 20 
H2 7. 6 0. 3 38 12 50 
H3 7. 1 2.4 60 20 20 
Spoil 7. 5 0. 3 40 32 28 
* pH and EC readings obtained from 1:1 soil/water 





Horizon Deeth__(_cm_)_ Descrigtion 
HI 0-19 Dark yellowish brown (10 YR 3/4) 
loam, yellowish brown (10 YR 5/3 
dry); weak very fine crumb; mildly 
alkaline (pH 7.5); noncalcareous; 
smooth abrupt 
boundary. 
H2 19-32 Dark gray (10 YR 4/1) clay loam, 
dark gray (10 YR 4/1 dry); weak 
medium subangular blocky; mildly 
alkaline (pH 7.4); strongly 
calcareous; smooth 
abrupt boundary. 
H3 32-59 Brown (10 YR 5/3) clay loam, borwn 
(10 YR 5/3 dry); weak fine 
subangular blocky; mildly alkaline 
(pH 7.6); strongly calcareous; 
smooth abrupt 
boundary. 
SPOIL 59 + Gray (10 YR 5/1) clay loam, light 
gray (10 YR 6/1 dry); massive; 
neutral (pH 
7.1); strongly calcareous. 
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MQISTURE_AND_ByLK_DENSITY_PROFILE 
Tree Plot 3 
Sample Bulk 
Depth Density Percent 
Horizon iSIDi iS'SlBill Moisture 
HI 15 0.97~ 8 
H2 30 0.97 14 
H3 45 1.08 17 
H3/Spoil 60 1.28 12 
Spoil 75 1.24 12 
TEXTyREt__ACIDITYt__AND_SALINITY_» 
Tree_Plot_3 
EC SAND SILT CLAY 
Horizon_ __EH__ _£mmhos/cm.). % % % 
HI 7. 5 0.3 42 32 26 
H2 7. 4 0. 5 36 34 30 
H3 7. 6 0. 4 42 30 28 
Spoil 7. 1 3. 4 34 36 30 
* pH and EC readings obtained from 1:1 soil/water 
extracts. Analysis by Western Energy Company. 
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SOIL_PROFILE_DESCRIPTION 







SPOIL 48 + 
Descrigtion 
Dark grayish brown <10 YR 4/2) loam, 
brown (10 YR 5/3 dry)} weak fine 
crumb; mildly alkaline (pH 7.4); 
strongly calcareous; smooth abrupt 
boundary. 
Brown (10 YR 5/3) loam, brown (10 YR 
5/3 dry); weak very fine subangular 
blocky; mildly alkaline (pH 7.5); 
strongly calcareous; smooth abrupt 
boundary. 
Dark gray (10 YR 4/1) clay loam, 
dark gray (10 YR 4/1 dry); weak very 
fine crumb; mildly alkaline (pH 
7.5); slightly calcareous; smooth 
abrupt boundary. 
Brown (10 YR 5/3) clay loam, brown 
(10 YR 5/3 dry); weak very fine 
crumb; mildly alkaline (pH 7.6); 
violently calcareous; smooth abrupt 
boundary. 
Brown (10 YR 5/3) clay loam, grayish 
brown (10 YR 5/2 dry); massive; 






Depth Density Percent 
Horizon Igm.) ig/cm3!_ Moisture 
HI 10 1. 17 5 
H2 20 1. 18 7 
H3 30 1. 03 12 
H4 40 1. 24 13 
H4/Spoil 50 1. 44 14 
Spoil 60 1. 58 13 
IEXILJRE1__ACIDITY1__AND_SALINITY_« 
Tree_Plot_4 
EC SAND SILT CLAY 
Hgrizon_ _(_mmhgs/cnO % % % 
HI 7. 4 575 46 34 25 
H2 7. 5 0. 3 36 40 24 
H3 7. 5 0. 3 36 36 28 
H4 7. 6 0. 4 44 28 28 
Spoil 7. 1 1.6 38 32 30 
* pH and EC readings obtained from 1:1 soil/water 
extracts. Analysis by Western Energy Company. 
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SOIL PROFILE DESCRIPTION APPENDIX 3D 
Tree Plot 5 
Horizon DeEth_icm2 Descrigtign 
HI 0-18 Grayish brown (10 YR 5/2) loam, 
brown (10 YR5/3 dry); weak very fine 
subangular blocky; mildly alkaline 
(pH 7. 5); strongly calcareous; 
smooth abrupt boundary. 
H2 18-38 Brown (10 YR 5/3) loam, brown (10 YR 
5/3 dry); weak very fine crumb; 
neutral (pH 7.2); strongly 
calcareous; smooth abrupt boundary. 
H3 38-45 Dark brown (10 YR 4/3) clay loam, 
dark brown (10 YR 4/3 dry); weak 
very fine crumb; mildly alkaline (pH 
7.6); slightly calcareous; smooth 
abrupt- boundary. 
H4 45-57 Yellowish brown (10 YR 5/4) sandy 
clay loam, yellowish brown (10 YR 
5/4 dry); massive; mildly alkaline 
(pH 7.6); violently calcareous; 
smooth abrupt boundary. 
SPOIL 57 + Grayish brown (10 YR 5/2) clay loam, 
brown (10 YR 5/3 dry); massive; 






Depth Density Percent 
Horizon icnO _Xg/cm32_ Moisture 
HI 15 1.22~ 8 
H2 30 1. 19 8 
H3 40 1. 25 12 
H4 50 1. 49 9 
Spoil 65 1. 40 11 
TEXTURE1._ACIDITY1__AND_SALINITY_* 
Tree_Plot_5 
EC SAND SILT CLAY 
Horizgn_ BH__ -iSSEhSS/SBi % % X 
HI 7. 5 ~073~ 42 34 24 
H2 7. 2 0. 3 32 42 26 
H3 7. 6 0. 4 28 46 26 
H4 7. 6 0. 4 54 24 22 
Spoil 7. 1 1. 7 34 36 30 
* pH and EC readings obtained from 1:1 soil/water 
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TREE 4; Z = 21 to 25 em 
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TREE 4: Z = 31 to 35 cm 
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TREE 5: Z = 11 to 15 cm 
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